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ABSTRACT 
One of the challenges on the increasing reliance on isolated renewable generation 
sources is the transmission of power from these sources to centers of power demand.  
One possible approach is the use of high voltage direct current (HVDC) transmission. 
The power electronic converters are key components in HVDC transmission system.  
The converters produce the intended DC voltage for transmission but there may also be 
AC harmonics superimposed. The superimposed harmonics on the HVDC may have 
synergistic effects and may lead to further degradation in the cable insulation. Previous 
research has shown that partial discharge was the main cause of degradation in 
polymeric insulation under AC stress.  However, few publications have demonstrated 
the effect of combined stress on cable insulation degradation. Additionally, the most 
popular cable insulation material, cross-linked polyethylene (XLPE), cannot be 
recycled. Alternative materials which can be recycled have been proposed and one such 
solution could be thermoplastic materials. In this study, HDPE was investigated as a 
reference material for thermoplastics and their potential use as insulation in HVDC 
cables. In this paper the effect of frequency on HDPE degradation under superimposed 
stresses was studied using the following approaches; equivalent phase resolved partial 
discharge (PRPD) plots, fourier transform infrared spectroscopy - attenuated total 
reflection (FTIR-ATR) and dielectric spectroscopy (DS) measurements were carried 
out. The results show that during aging and with a frequency increase, the voltage of 
PD events increased which in turn created more polar molecule groups on the surface. 
7KH DPRXQW RI SRODU PROHFXOH JURXSV ZDV IRXQG WR DIIHFW İ
 DQG WDQį ZLWK ERWK
increasing when more polar molecules were created. The results show that applying a 
higher AC frequency enhances polymer degradation. 
   Index Terms ² HDPE, thermo-electrical aging, voltage ratio, PRPD, FTIR-ATR, 
dielectric Spectroscopy. 
 
1   INTRODUCTION 
   THE increase in demand for electrical power and the 
impact of CO2 emissions on climate change have led to an 
increasing reliance on renewable generation sources such as 
wind power [1-3]. Many renewable generation sources are in 
isolated locations far from the centers of demand and HVDC 
transmission system is the preferred approach to transmit 
energy over long distances with minimal power loss. The AC 
voltage output from the isolated wind farm is rectified to DC 
voltage at the sending end of the HVDC transmission link and 
the DC voltage inverted to an AC voltage that matches the grid 
frequency at the receiving end. The power electronic 
converters allow the conversion between AC/DC voltages and 
vice versa which is central to the operation of the HVDC link. 
The converters in a HVDC system could produce 
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 disturbances superimposed on the DC output voltage [4-6]. 
The resulting interference (which is non-sinusoidal) could be 
regarded as AC harmonic voltages. The frequency content of 
the harmonic voltages depends on the switching frequency of 
the converter and could be up to ten times the switching 
frequency (tens of kHz) [7]. 
The DC voltage combined with an AC harmonic voltage 
will stress the insulation and may have a synergistic effect on 
the lifetime of HVDC cable insulation and the insulation in 
cable accessories. Cable terminations and joints are the weak 
points in a cable system as defects or air gaps can occur during 
manufacture or installation. Under long-term thermo-electrical 
stress, the defects may cause insulation in cable accessories to 
fail leading to undesirable and costly system downtime. 
Clinton et al [8] applied voltage with 0.1 Hz frequency and 
power frequency then investigated PD characteristics of an 
XLPE cable termination. Lee et al [9] carried out a series of 
experiments to determine the resultant partial discharge 
behavior of defects inside cable insulation at a termination. 
Other researchers [10-11] have introduced AC voltage and 
investigated the resultant PD pattern in different kinds of cable 
termination defects. However, there is little research 
investigating the behavior of cable insulation with defects 
when exposed to a DC voltage combined with an AC 
harmonic voltage. 
Previously, most researchers chose oil-pressboard as the 
target and investigated its behavior under DC and AC 
combined stress. Under AC and DC combined voltages, the 
partial discharge feature of voids in oil-pressboard was 
summarized in [12, 13]. In those investigations, the combined 
values of DC and AC stress were not kept constant whereas in 
this work of the authors, the combined values of DC and AC 
stress were kept constant.  Their results [12, 13] demonstrated 
that the partial discharge inception voltage increased with a 
higher proportional increase in DC voltage but the 
corresponding PD charge decreased with an increase in the 
combined stress.  Previous work has also been conducted on 
the electrical breakdown characteristics of oil-paper under AC 
and DC combined stresses. 
Thermoplastic material is regarded as a good candidate to 
replace XLPE as potential cable insulation in the future [14]. 
Many researchers have investigated the use of thermoplastic 
materials to date [15-19]. 
The investigation of the behavior of HDPE aged under 
DC and AC combined stress with AC frequency variation 
was reported in [20]. The results demonstrated that the DC 
voltage could encourage cross-linking and AC voltage 
could encourage degradation. The degradation process 
developed further as the AC frequency was increased. 
However, there is less published work on the effect of 
frequency variation under combined AC&DC voltages for 
cable insulation samples. 
This work details an investigation into the performance of 
HDPE under DC and AC combined stress for high frequencies.  
Although HDPE is a brittle and stiff material at low 
temperatures, it was chosen because of its ease of availability 
and has characteristics close to XLPE. To simulate the cable 
insulation working condition the samples were also subjected 
to elevated temperatures. Accelerated aging was carried out. 
The selected aging duration is very close to time to breakdown 
of the material.  The partial discharges emitted from the HV 
electrode were represented as equivalent PRPD plots and 
represented the aging source. FTIR-ATR and dielectric 
spectroscopy tests were carried out before and after each 
aged test sample. 
2  EXPERIMENT SET-UP 
2.1 AGING SYSTEM SET-UP 
The test setup consists of stainless steel electrodes which 
were placed in a thermo-electrical box to control the 
temperature of the environment that the test sample was in. 
For accelerated aging, the temperature was set at 90qC 
which is above the operating temperature of a HVDC cable. 
The HDPE samples were manufactured using an 
extrusion molding process. Each sample was 60×60 mm 
and was cut from sheets of 50 µm thickness. The sample to 
be aged was inserted between the sphere-plane electrodes at 
ambient air pressure as illustrated in Figure 1. 
 
Figure 1. Electrode system of the thermo-electrical aging set-up. 
The upper electrode was connected to the high voltage 
source and the lower electrode was connected to ground. 
The high voltage was generated by a signal generator 
feeding a power amplifier. The signal generator (Agilent 
33500B Series Waveform Generator) produced a small 
signal of the combined voltages at high frequency and was 
used as an input to the power amplifier (model 50/12 
produced by TRek Inc.) with a gain of 5000 to achieve the 
high voltage output. In this investigation, the voltage ratio 
of AC to DC was set to 50% (DC was 6 kV and ACmax was 
3 kV). The AC frequency was varied. The selected 
frequencies were 1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz and 
the samples were aged for 1hour. A detailed description of 
the voltage ratio definition is given in Section 2.2. 
2.2 VOLTAGE RATIO 
The resultant combined voltage waveform is shown in 
Figure 2. 
  
Figure 2. AC superimposed with the DC voltage waveform. 
Voltage ratio (AC%) was used to describe the combined 
voltage stress: 
                       (1) 
Where, VAC is the peak value of AC voltage, VDC is the 
mean value of DC voltage. 
2.3 PRPD MEASUREMENT 
The PD detection system consisted of a current 
transformer (CT), coaxial cables, an oscilloscope and a 
computer. The CT was a high frequency current 
transformer (HFCT, type KH-100M) was used to measure 
the partial discharge (PD) signal of the polymer under 
combined stresses during the aging process. The PD 
measurement circuit is detailed in Figure 3. 
 
Figure 3. Diagram of PD measurement circuit. 
H.V. power supply consists of signal generator and 
power amplifier (mentioned in the last paragraph of Chapter 
2.1). For the power amplifier, the output voltage range was 
from 0 to r50kV DC or peak AC. The output current range 
was from 0 to r12mA DC or peak AC. The HFCT has a 
bandwidth of 0.5-120 MHz and a sensitivity of 1-4.2 mV. 
The output of the HFCT was connected to the oscilloscope 
via a coaxial cable. The computer was connected to the 
oscilloscope via a USB cable and PD was recorded on a 
LabVIEW virtual instrument. The output of HFCT is in 
volts and hence the recorded PD pulses are expressed in 
volts in this study because it was not possible to calibrate 
the experimental system in terms of charge. However, this 
deficiency is not a problem because the authors were 
looking at the relative behavior after aging. During the 
aging period, the system captured the PD signals in packets 
of data every 3 seconds. The time for each PRPD 
measurement was 1 hour. The PD signals were related to 
the AC source phase so that the equivalent PRPD plots 
(equivalent because charge in Coulombs was not used) 
could be generated. PD activity is related to the phase of the 
applied AC voltage. In this paper, PD voltage amplitude 
was used to represent the PD charge. 7 samples were tested 
for each test condition. 
2.4 FTIR-ATR TEST 
The FTIR-ATR measurement was performed using a 
Nicolet iS 16 produced by Thermos Fisher, which could 
measure the absorbance of a sample from 350 cm-1 to 4000 
cm-1. Three samples were tested for each test condition. Six 
separate points on the surface were measured on each 
sample and an average value was calculated. 
2.5 DIELECTRIC SPECTROSCOPY TEST 
The broadband dielectric spectroscopy measurement was 
performed using a Concept82, which was produced by 
NOVOCONTROL. The equipment can measure the 
dielectric response of the sample from ȝ+]WR*+] and 
uses gold-plated electrodes. Prior to performing the DS 
measurement, each sample was placed in a gold plating 
machine to deposit a layer of gold through sputtering. The 
gold layer deposited on the upper and lower faces of the 
sample had a diameter of 20 mm to ensure good contact 
with the electrodes. No Guard ring was used in the DS 
measurement. 3 samples were tested for each test condition. 
3  RESULTS 
3.1  PRPD RESULTS 
The equivalent PRPD plots are shown in Figures 4-7. 
The x-axis describes phase (in degrees) over the AC voltage 
cycle, while the y-axis describes the discharge amplitude in 
volts. The PD generally occurs in the first and third 
quadrants of the AC cycle. 
When the superimposed frequency is increased, the 
discharge amplitude in the first quadrant decreases and the 
discharge amplitude in the third quadrant increases. As 
shown in Figures 4-7, the total discharge increases with 
increase of the superimposed frequency while the pulse 
repetition rate decreases with an increase in the 
superimposed frequency. 
 
Figure 4. PRPD plot for 1 kHz combined voltages. 
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Figure 5. PRPD plot for 1.5 kHz combined voltages. 
 
Figure 6. PRPD plot for 2 kHz combined voltages. 
 
Figure 7. PRPD plot for 2.5 kHz combined voltages. 
Table 1 details the partial discharge activity in one cycle 
for the aging period and the four aging frequencies. Mean 
(V) is the mean PD voltage, dev (V) is the standard 
deviation of PD voltage, discharge times (n) is the total 
number of PD events recorded in one cycle during the aging 
period over the 1 hour test. The cumulative energy is 
proportional to the square of voltage of each PD pulse over 
one cycle. The units of cumulative energy are in arbitrary 
units. 
 
 
Figures 8 to 10 are based on the data in Table 1. In 
Figure 9, it is clear that the number of discharge events has 
a negative relation to the frequency of the superimposed 
AC voltage. This is probably because as the frequency 
increases, the cycle time reduces and the number of PD 
events reduces. The mean, standard deviation and 
cumulative energy have a positive correlation to the 
superimposed frequency. When the superimposed 
frequency was below 2 kHz, the maximum value of PD 
voltage steadily increased from 8 V to 9 V and above 2 kHz 
there was a dramatic increase of PD magnitude to a 
maximum of 10.7 V. In terms of cumulative energy an 
increase of 10% is evident from1-1.5 kHz which is similar 
to the increase from 1.5-2 kHz. When the frequency was 
increased from 2-2.5 kHz the cumulative energy increased 
by 15%. 
 
Figure 8. Mean with standard deviation of PD voltage. 
 
Figure 9. Discharge times. 
Table 1. PD characteristics for the 4 frequencies used. 
Frequency Mean (V) 
Dev 
(V) 
Discharge 
times (n) 
Cumulative 
energy (V) 
1 k 0.72 0.065 19030 13315 
1.5 k 0.76 0.073 17534 13400 
2 k 0.81 0.076 16337 13460 
2.5 k 1.08 0.113 13289 14311 
  
Figure 10. Cumulative PD energy. 
3.2  FTIR-ATR RESULTS 
 The FTIR-ATR results are shown in Figures 11-13. 
 
Figure 11. Detailed view of FTIR-ATR spectrum (methylene group). 
 
Figure 12. Detailed view of FTIR-ATR spectrum (OH-group). 
 
Figure 13. Detailed view of FTIR-ATR spectrum (carbonyl and C-O 
groups). 
In the reference HDPE the FTIR-ATR spectrum consists 
of methylene groups, described by peaks at 2914 cm-1, 2847 
cm-1 (as shown in Figure 11), 1472 cm-1 and 718 cm-1 [21]. 
When the HDPE samples were aged, hydroxyl group (O-H) 
and carbonyl groups (C=O) could occur. The O-H group 
appears between 3500 cm-1 to 3000 cm-1 (Figure 12). The 
C=O group appears between 1750 cm-1 to 1600 cm-1 
(Figure 13). The C-O group appears at 1200 cm-1 (Figure 
13). 
The absorbance gives the amount of light energy 
absorbed by each molecular group within the test sample. 
The amount of each molecular group has a positive 
correlation to the intensity of the absorbance peak in the 
FTIR-ATR spectrum. 
When HDPE is aged under DC conditions, the peaks of 
methylene groups reduced but no new molecular groups 
were created. When HDPE was aged under combined 
AC&DC stress, the amount of methylene groups reduced 
significantly and it is clear that C=O and C-O groups 
increased in all samples. When the frequency was increased, 
the methylene groups reduced but the C=O groups and C-O 
groups increased. When frequency was increased to 2 kHz 
the absorbance of the methylene groups decreased further 
and the O-H groups were created. 
3.3  DIELECTRIC SPECTROSCOPY RESULTS 
The dielectric constant and dissipation factor of HDPE 
are shown in Figures 14 and 15, respectively. In both 
figures, the dielectric properties are shown for the range of 
10-2 to 104 Hz. 
 
Figure 14. Dielectric constant of HDPE. 
 
Figure 15. Dissipation factor of HDPE. 
 In Figure 14, the dielectric constant (İ
) of each sample 
increases as the frequency decreases. İ
 is also called real 
permittivity and it is 2.35 for the reference HDPE. The İ
 of 
all aged samples are higher than the reference sample. 
When aged under DC stress, İ
 increases to 2.4. The value 
for İ
 increases further, when the samples are aged under 
DC and AC combined stress. In addition, İ
 increased as the 
superimposed frequency was increased for the combined 
voltages. When the superimposed frequency was above 1.5 
kHz, the increase in İ
 observed was larger than those aged 
at frequencies below 1.5 kHz. 
The result agrees with the expected variation of the 
dielectric constant with frequency. The orientation 
polarization of the polar molecule is influenced by 
frequency. When the frequency was low the polar 
molecules could shift but when the frequency was high 
minimal shift of the polar molecules was observed. 
When HDPE is aged under combined stresses 
degradation of the material will occur [22]. Along with the 
degradation process, chain scission will occur on the long 
molecular chain. When the long chain is broken, the new 
terminals may react with oxygen and create polar molecules, 
such as hydroxyl group (O-H) and carbonyl groups (C=O). 
Under external electrical stress, the polar molecule groups 
are easier to orientate so that as the orientation polarization 
increases; dielectric constant increases. 
The superimposed frequency strongly affects the 
degradation process. Voltage stress encourages the 
degradation process. As the superimposed frequency 
increases, additional types of polar molecule groups are 
created. As the amount of polar molecule groups increases, 
the orientation polarization increases which leads to a 
further increase in dielectric constant. The results agree 
with the FTIR-ATR results. In Figure 15, WKH WDQįRIHDFK
sample increases as frequency decreases. For the reference 
sample and the sample aged by DC voltage, WDQį is nearly 
constant over the frequency range. tDQį remains constant 
over the frequency range of 101 to 104 Hz, but increases 
rapidly with in the frequency range 10-2 to 101 Hz for all the 
samples aged under combined stresses. In addition, the 
higher the superimposed frequency; the larger the increase 
REVHUYHG IRU WDQį. When the superimposed frequency 
applied was less than 2 kHz, WDQį at 10-2 Hz was less than 
0.009. In contrast, when the samples were aged at 
IUHTXHQFLHVEHORZN+]WDQį was 0.016 at 10-2 Hz. The 
WDQį values of aged samples are higher than those of the 
reference sample. 
In the high frequency range, the time period in one cycle 
is too short to establish relaxation polarization. There is no 
relaxation loss. In the low frequency range, the external 
electric field varies slowly and the time duration per cycle 
increases to allow the relaxation polarization to establish. 
4  DISCUSSIONS 
According to the results from Section 3, as the 
superimposed frequency increases, the PD voltage increases. 
FTIR-ATR and DS results show that the discharge may 
affect the chemical and dielectric properties of HDPE. As 
PD voltage increases, new kinds of polar molecule groups 
are created and the amount of new molecular groups 
increase, which is also demonstrated by changes of İ
and 
WDQį. 
The mechanism of partial discharge could be explained 
as Figure 16. Assume external voltage is VS and the 
resulting electric field is EQ. 
 
Figure 16. Mechanism of PD during aging. 
 
In the first half cycle, when external voltage increases to 
the partial discharge inception voltage (PDIV), PD occurs 
in the air gap in the triple junction (the area between the 
sphere electrode and upper surface of the HDPE sample) 
and creates free charges. The field due to Vs drives the 
positive charges to the surface of the HDPE. The positive 
charges can establish VQ. The resulting voltage V1 in triple 
junction is defined by: 
QS
VVV  
1
                              (2) 
To reach the PDIV, VS should be increased to allow PD 
to occur. When the number of PD events increases, VQ 
increases as well. Therefore, VQ always prevents the 
occurrence of further PD in the first half cycle. 
When the AC voltage goes negative during the second 
half cycle, VQ could be higher than VS as a result of charge 
retention from the previous positive half cycle. Therefore, 
the PD voltage is much higher than the first half cycle. 
With the existence of an external voltage, VQ cannot 
reduce to zero. The remnant VQ is not high enough to cause 
PDs when the AC voltage shifts to the next half cycle. 
Therefore, the PD voltage in the first half cycle will always 
be smaller. When the external voltage shifts again, charge 
accumulation makes VQ increase to a higher level. 
Therefore, in the second half of each cycle, the PD 
magnitude is larger. 
The frequency could affect the PD pattern as well. As we 
know, the charge dissipation rate has a positive correlation 
with the ionic mobility. The slower the ionic mobility is, the 
lower the charge dissipation rate. Frequency can also affect 
the ionic mobility. The charge dissipation area in the half 
cycle before voltage shift follows Equation (3) [23]. 
f
TV
S
2
O 
                                (3) 
where S is the charge dissipation area, T is the absolute 
temperature, V is the applied voltage, f is the external 
frequency. 
From equation (3), it is obvious that charge dissipation 
 area has a negative relation to frequency. Therefore, the 
charge accumulates more readily when the frequency is 
high. As the external frequency increases, the PD voltage in 
the first half cycle decreases but increases in the second half 
cycle. 
The quantity of charge created in different conditions is 
the main cause for the difference of FTIR-ATR and DS 
results of aged and reference HDPE. 
5  CONCLUSIONS 
In this paper, HDPE is the target material. PRPD, 
FTIR-ATR and DS measurements were carried out to 
determine the effect on chemical and dielectric properties of 
HDPE for AC&DC combined stresses and at different 
frequencies. 
The equivalent PRPD results show that when the external 
frequency was increased, the PD voltage in the first half 
cycle decreased but increased in the second half cycle. The 
mean with standard deviation of PD voltage and cumulative 
discharge also increased. 
The FTIR-ATR results show that when the external 
frequency was increased, the amount of polar molecule 
groups increased. The polar molecule groups increased İ
 of 
aged HDPE and WDQį increased most in the low frequency 
range. 
The mechanism apparent was that the inverse voltage 
caused by the charge always opposed the external voltage. 
Therefore, PD in the first half cycle is always suppressed 
but was encouraged in the second half cycle. The external 
frequency affects the PD phenomenon by altering the 
charge dissipation area in the triple junction. The charge 
dissipation area has a negative relation to external 
frequency. The higher frequency encouraged charge 
accumulation. This resulted in the PD voltage being smaller 
in the first half cycle but larger in the second half cycle. 
The quantity of charge created under the two different tests 
is the main cause for the difference of FTIR-ATR and DS 
results of aged and reference HDPE samples. 
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